The host and microbiota have evolved mechanisms for coexistence over millions of years. Accumulating evidence indicates that a dynamic mutualism between the host and the commensal microbiota has important implications for health, and microbial colonization contributes to the maintenance of intestinal immune homeostasis. However, alterations in communication between the mucosal immune system and gut microbial communities have been implicated as the core defect that leads to chronic intestinal inflammation and cancer development. We will discuss the recent progress on how gut microbiota regulates intestinal homeostasis and the pathogenesis of inflammatory bowel disease and colorectal cancer.
Introduction
The intestine harbors a massive and diverse microbiota which can reach a density of 10 12 organisms/g and is comprised of more than 1000 species, including both anaerobes and aerobes, containing at least 100 times as many genes as within our own genome [1] [2] [3] . Gut microbiota provides huge benefits to their host, including the breakdown of indigestible food, the supply of energy for colonic epithelial cells, and a barrier against invasive pathogenic bacteria; they also have a major impact on many host systems, particularly on the development of the intestine and the immune system. Despite this enormous bacterial challenge, the intestine lives in harmony with the microbiota. Multiple host mechanisms have evolved to regulate this relationship, including both innate and adaptive immune systems [4] [5] [6] [7] [8] [9] . Commensal bacteria shape both mucosal and systemic immune homeostasis in the host, and the host intestinal mucosal cells also modulate the commensal habitat and maintain a commensal composition that avoids excessive antigen signaling and activation of the immune system. Impaired regulation in the interaction between the microbiota and the host immune system may lead to intestinal inflammation and cancer. The importance of microbiota in the pathogenesis of inflammatory bowel diseases (IBD) and intestinal neoplasia has been clearly demonstrated in animal models, where animals develop colitis in conventional environments, but not when the commensal microbiota is absent in germ-free (GF) conditions [3, 6] . The carcinogenic agent azoxymethane can induce colon tumors in colitic IL-10 deficient mice monocolonized with certain commensal bacteria, but fails to induce tumors in germ-free (GF) IL-10-deficient mice [10, 11] . In this article, we will review the recent progress in the studies of the mechanisms into the molecular events that link intestinal microbiota and chronic inflammation and neoplasia.
Host-microbiota interaction
A complex dynamic relationship between the host and the gut microbiota occurs shortly after birth. Human microbiome projects have provided great insights into the composition and function of microbiota. The composition of intestinal microbiota differs among individuals, and several recent studies suggest that the microbial cohort remains relatively constant once adulthood is reached, however, the composition of the resident microbiota may alter as a result of environmental factors such as diet and antibiotic usage [12] . There is high interpersonal variation in species composition of the intestinal microbiota in humans and no single species is ubiquitously present in all humans. However, when the metagenome of the human intestinal microbiota has been analyzed, a core composition of genes is evident and comparable among humans [13] [14] [15] . A recent study reported that microbiota stability followed a power-law function, which when extrapolated suggests that most strains in an individual are residents for decades, indicating that the microbiota is quite stable during an individual's adult life [16] . Within the normal human microbiota, strict anaerobes, including Bacteriodes, Eubacterium, Bifidobacterium, Fusobacterium, Peptostreptococcus, and Atopobium, are dominant with the Bacteroidetes and the Firmicutes being the most abundant phyla, accounting for more than 90% of all the phylotypes. Proteobacteria, Actinobacteria, Fusobacteria and Verrucomicrobia are relatively few in samples from the human distal gut [1, [17] [18] [19] . Members of Bacteroidetes and Actinobacteria are significantly more stable components than the population average [16] . Host and microbiota have established a mutualistic relationship, in which both microbes and their animal host depend on each other for optimal survival [7, 20] . The interactions of host and microbiota occur at multiple levels. Although direct contact between microbes and host mucosal cells is limited, the microbiota regulates host immunity through several different pathways and a range of bacterial metabolites [21] [22] [23] . Importantly, the signaling is bidirectional, and the host immunity influences also the microbiota which is evident in the setting of deficiencies of innate immunity. It is clear now that alterations in the host immunity lead to changes in the composition of the microbiota, and resetting microbial populations via fecal transplantation can transfer inflammatory or metabolic phenotypes in animals [24] [25] [26] .
Microbiota regulation of mucosal immune responses
Comparative studies in GF and conventional animals demonstrate that the intestinal microflora is crucial for the development and function of the mucosal immune system, especially during early life, a process important to overall immunity in adults [27] . GF mice have underdeveloped mucosal and systemic immune systems with decreased cellularity of the Peyer's patches (PP), lamina propria (LP), mesenteric lymph nodes (MLN), and spleen as well as diminished mucosal immune function compared with animals housed under conventional environments. Interestingly, these developmental deficits can be restored by colonization with commensal bacteria [28, 29] . A recent study further demonstrated that the intestinal microbiota contributes to angiogenesis within the core of intestinal villi. Upon comparing the capillary networks of GF mice with those of ex-GF mice colonized during or after completion of postnatal intestine development, villi capillaries in GF mice developed poorly during weaning and remain poorly developed until adulthood. Further, the vascular developmental program can be restarted and completed within 10 days after colonization with a complete microbiota harvested from conventionally-raised mice, indicating that development of villi capillaries also depends on intestinal microbiota [30] . In steady conditions, the microbiota also modulate the development and function of various immune cells, including T cells, IgA-producing B cells, T cells, invariant natural killer T (iNKT) cells, NK cells, dendritic cells, macrophages, as well as recently identified innate lymphoid cells (ILCs) [20, 23, 27, 31] . In GF mice, IgA + B cells in gut lymphoid tissues and lamina propria as well as IgA levels in the intestinal lumen are greatly decreased compared to mice housed under conventional conditions [27, 32] . Foxp3-expressing regulatory T (Treg) cells and IL-17-producing Th17 cells are enriched in the lamina propria of mice under conventional conditions, however, levels of Treg and Th17 cells are greatly decreased in GF mice. Transplantation of intestinal microbiota from conventionally raised mice restores Treg and Th17 cells levels, as well as the expression of the immune-suppressive cytokine IL-10 in Treg cells, demonstrating that the intestinal microbiota regulates the development and function of Treg and Th17 cells in the intestinal mucosa [33, 34] .
Accumulating evidence indicates that different commensal bacteria differentially regulate the development and function of different immune cells in the mucosa. While Bacteroides fragilis and Clostridia species promote Treg cells, thus functioning as immunosuppressing commensals, segmented filamentous bacteria (SFB) stimulate Th17 cell development, which function either by protecting the intestine against infection from pathogenic microbes or promoting harmful inflammatory responses [33] [34] [35] . In addition, colonization of GF mice with SFB also stimulates IgA + blasts in the germinal centers of PP and IgA production in intestinal lumen [27] . Thus, the microbiota shapes the immune landscape in the gut and provides both proinflammatory and anti-inflammatory signaling. These signals are balanced, and both types are required to support homeostasis.
Microbiota regulation of Treg cells-Multiple
levels of regulation have been implicated in maintaining the intestinal immune homeostasis and controlling the immune responses to microbiota antigens. Among the multi-mechanisms, CD4 + Foxp3 + Treg cells play a crucial role. Treg cells constitutively express high levels of the transcription factor Foxp3, which is considered to confer their development as well as their regulatory activity. Microbiota greatly influence Treg cells in the intestines as GF mice demonstrate a reduced level of intestinal Treg cells. However, the intestinal microbiota do not function uniformly to regulate T cell development and function. In fact, different commensal bacteria differentially influence proinflammatory as well as anti-inflammatory T cell development and function. The well-studied commensal bacteria that promote Treg cells in the intestines are Bacteroides fragilis and Cluster IV and XIVa Clostridia. B. fragilis is the first commensal to be implicated in affecting mucosal T cell homeostasis by promoting Treg cell function [35] . B. fragilis is a Gram-negative member of the phylum Bacteroidetes. The genus Bacteroides is well represented in the human gut and is able to utilize the nutrients in the gut microenvironment, although it is not a very abundant member of the gut microbiota [36] . B. fragilis is not normally present in conventionally-raised SPF mice, and colonization with B. fragilis protects mice from colitis induced by adoptive transfer of CD4 + CD45RB hi T cells into immunodeficient RAG −/− mice as a well as colitis induced by administering wild-type mice with 2,4,6-trinitrobenzene sulfonic acid (TNBS) intrarectally [37] . Colonization of SPF or GF mice with B. fragilis leads to an induction of IL-10 producing Foxp3 + Treg cells [35, 38] . Blockade of Foxp3 + Treg cells and/or IL-10 abrogates the inhibitory function in mice colonized with B. fragilis, leaving them more susceptible to inflammation, indicating that B. fragilis colonization modulates intestinal immune homeostasis by promoting Treg cell development and function. Expression of bacterial capsular polysaccharide A (PSA) is required for the induction of Treg cells and anti-inflammatory effects of B. fragilis. PSAdeficient B. fragilis mutants lose the ability to induce IL-10 producing Foxp3 + Treg cells and do not protect the intestines from inflammation [35, 37] . Treatment of mice with purified PSA induces Treg cells through stimulation of TLR2, and reduces intestinal inflammation by promoting the colonization of the gut by B. fragilis. PSA is thus able to replicate the effects of B. fragilis colonization, including the induction of IL-10 producing Foxp3 + Treg cells and protection from intestinal inflammation by suppressing effector Th17 cell production in animal models [35, 37, 38] . Interestingly, lack of PSA expression results in Th17 cell expansion and loss of the mutualistic ability of B. fragilis to colonize host tissues [38] , furthering the importance of PSA in B. fragilis regulation of intestinal immune responses.
Certain clusters of Clostridia have recently been shown to be able to induce Treg cell differentiation in the intestines. Clostridia are Gram-positive, rod-shaped, endosporeforming bacteria, and intestinal Clostridia are a heterogeneous group that forms the core of Firmicutes of the normal commensal microbiota. Most gut commensal Clostridia are nontoxinogenic members of clusters XIVa and IV, which constitute 10%-40% of the total microbiota [39] . Interestingly, the levels of Clostridia clusters IV and XIVa in adult mouse colon microbiota are found to correlate with the numbers of colonic Treg cells [33] . Colonization with 46 strains of Clostridia clusters XIVa and IV, originally isolated from the sporulating microbiota fraction in conventional mice and able to normalize the enlarged ceca of GF mice [40] , increases the Treg cells in the intestines [33] . Importantly, these Clostridia were found to replenish near steady-state numbers of colonic Treg cells as well as high levels of IL-10 production by Treg cells in GF mice. Consistently, colonization of GF mice with altered Schaedler flora (ASF), a defined bacterial cocktail containing eight enteric species that includes Clostridium clostridioforme, induces the accumulation of Treg cells in the colon [41] .
The host relies on bacteria to breakdown undigestible dietary components, such as fibers [1] . Recent studies demonstrate that gut microbiota-derived bacterial fermentation products, such as short chain fatty acids (SCFA), also regulate the size and function of the colonic Treg cell pool and protect against colitis [42] . GF mice had reduced concentrations of the three most abundant luminal SCFA: acetic acid, propionic acid and butyric acid. Feeding SCFA in drinking water to GF mice increased colonic Treg cell frequency and number but did not increase the number or frequency of splenic, MLN, or thymic Treg cells. SCFA increased CD4 + T cell frequency and number but did not alter colonic Th1 or Th17 cell numbers. Treatment with SCFA significantly increased Foxp3 and IL-10 expression in Treg cells both in vivo and in vitro, suggesting that SCFA specifically induce Foxp3 + IL-10-producing Treg cells. SCFA-induction of Treg cells is mediated by G protein-coupled receptor (GPR) 43 which binds SCFA and through its expression on innate immune cells mediates resolution of inflammatory responses. Intestinal Treg cells, particularly colonic Treg cells, which were largely dependent upon microbiota-derived signals, had significantly higher levels of Ffar2, which encodes GPR43, than Treg cells isolated from spleen or MLN. When Ffar2 −/− mice and Ffar2 +/+ littermates were treated with propionate, which has the highest affinity for Ffar2 [43] , propionate enhanced colonic Treg cell frequency and number in Ffar2 +/+ but not Ffar2 −/− mice. In addition, propionate enhanced Foxp3 and IL-10 expression in Ffar2 +/+ , but not in Ffar2 −/− colonic Treg cells. SCFA-mediated, enhanced colonic Treg cell suppressive capacity was also dependent on Ffar2 [42] . Thus, certain commensal bacteria selectively induce intestinal Treg cells under certain conditions via products of themselves or their fermentation products. Of note, most studies reported so far indicate that such commensal bacteria-induced Treg cells produce high levels of antiinflammatory cytokine IL-10 but not TGF , another signature cytokine of Treg cells. As high levels of TGF is present in the intestines, it raises an important question of whether certain commensal bacteria can selectively induce Treg cell production of TGF , or if TGF is induced through common pathway(s) shared by all commensal bacteria in the intestines.
Microbiota regulation of Th17 cells-Th17
cells, which produce the signature cytokines IL-17A, IL-17F, IL-21, IL-22, and GM-CSF, have been shown to protect the intestines from infection as well as to promote chronic intestine inflammation [44] [45] [46] [47] [48] . In contrast to secondary lymphoid tissues, Th17 cells are enriched in the intestinal lamina propria in steady conditions in the absence of infection or overt inflammation, indicating a role of microbiota in the induction of Th17 cell development [49] . Consistently, Th17 cells are not present in GF mice but are induced upon colonization with the full complement of gut bacteria from conventional mice [50, 51] . However, not all commensal bacteria are able to induce Th17 cells, as C57BL/6 mice from a colony at the Jackson Laboratory do not contain intestinal Th17 cells and total microbiota from these mice do not induce Th17 cells in GF animals. In contrast, colonization with microbiota from C57BL/6 mice from a colony at Taconic Farms does induce intestinal Th17 cells in GF mice, indicating that only certain commensal bacteria are able to induce intestinal Th17 cells. In search of Th17-inducing commensal bacteria, microbiota are compared between the colonies at Jackson Laboratory and at Taconic Farms. It reveals that SFB is highly enriched in Taconic but are absent from Jackson C57BL/6 mice [34] . Monocolonization of GF mice with SFB or introduction of SFB into Jackson C57BL/6 mice induces Th17 cell differentiation in intestinal lamina propria [34, 52] , an indicative of SFB as Th17-cell-inducing commensal bacteria. Importantly, Th17 cells induced by SFB are functional in the intestines, in that SFB colonization leads to improved protection against infections with intestinal pathogens, as shown for Citrobacter rodentium in mice [34] . How SFB promote intestinal Th17 cell development is still unknown, although the close interaction of SFB with epithelial cells and Peyer's patches could be involved in such effects.
The delicate balance between Treg cells and Th17/Th1 effector cells contributes to the intestinal immune homeostasis, which is regulated by both commensal bacteria and host factors. Although B. fragilis, unbalanced Clostridia flora, and ASF species preferably induce intestinal Treg cells in steady conditions, they also can induce Th17/Th1 cells in the absence of Treg cells. While wild-type B. fragilis induces intestinal Treg cells, PSA-mutated B. fragilis induces Th17 cells in the intestines [38] . In IL-10 deficient mice, in which Treg cell function is impaired, cluster Clostridia and ASF species induce Th17/Th1 cells [33, 41] , indicating that although certain commensal bacteria play an immunosuppressive role under steady conditions, they can also induce a proinflammatory response under certain context. The existence of multiple species of the commensal bacteria that differentially regulate host immune homeostasis suggests that differences in the composition of microbiota may contribute to individual differences in immune responses during infection, autoimmunity, cancer, or other immunological conditions.
Microbiota and Innate
Immune System-The innate immune system is the first line of host mucosal response to intestinal microbiota, which is tightly controlled and critical for maintaining tissue integrity and homeostasis within the intestinal mucosa. However, many mucosal insults in the intestine may disrupt this finely tuned system. Cross talk between the intestinal innate immune system and microbiota favors a mutual growth, survival and inflammatory control of the intestinal ecosystem. Intestinal microbiota contribute to host defense by outcompeting and limiting the growth of potentially harmful enteric pathogens, and control intestinal inflammation by producing symbiotic factors [37] . Through crosstalk with the innate immune system, the microbiota also regulates intestinal homeostasis by providing instructive signals that drive intestinal epithelial cell (IEC) turnover and maturation, and the conditioning of the immune system both at mucosal sites and systemically [53, 54] . A typical feature of innate immunity is the ability to distinguish between potentially pathogenic microbial components and harmless antigens by cell surface or cytosolic pattern recognition receptor (PRR) families and their interconnected signaling platforms. Toll-like receptors (TLR) and NOD-like receptors (NLR) enable innate cells to recognize conserved characteristic molecules present on microorganisms and described as pathogen-associated molecular patterns (PAMPs), including lipopolysaccharides, peptidoglycans, flagellin, formylated peptides among others [55, 56] . As those molecules are also present in commensal bacteria, they have also been called as microbe-associated molecular patterns (MAMPs). PRR expression is not limited to innate immune cells, but can also be found in cancer cells and nearby stromal cells. Both TLRs and NLRs are widely expressed by various cell types of the gut mucosa. Microbiota can regulate the intestinal innate immune system by activation of these bacterial receptors, which stimulates central signaling cascades that include nuclear factor-B (NF-B) pathway. This pathway is negatively regulated by commensal bacterial induction of inhibitory molecules, including A20, peroxisomal proliferator-activated receptor (PPAR ), I B , IL-10, TGF , and blockade of I B polyubiquination and degradation [3, 57, 58] . Thus innate cell expression of TLRs and NLR is crucial for response to microbiota as well as for the establishment of intestinal homeostasis by the microbiota. In nonhematopoietic cells, aberrant PRR signaling may induce hyperproliferative and anti-apoptotic responses, whereas impaired PRR signaling in hematopoietic cells may drive and maintain the chronically inflamed environment in the lamina propria [24, 59, 60] . It has been shown that activation of TLRs by commensals inhibits immune activation IEC through various mechanisms [61] , whereas deficiency of TLR expression or impaired TLR signaling negatively regulates IEC regeneration after injury and aggravates intestinal inflammation [60] .
Colonization of GF animals with Enterococcus faecalis or Bacteroides vulgatus transiently activate NF-B signaling and induce chemokine expression in colonic epithelial cells through TLR2 and TLR4 signaling, respectively, which are inhibited by IL-10 and TGF produced by lamina propria lymphocytes [62] [63] [64] . Recent studies demonstrated a critical role of commensal bacteria-induced NF-B dependent mucosal homeostatic responses by epithelial cells, in that dextran sodium sulfate (DSS)-induced colitis is enhanced in GF mice, TLR9-deficient mice, TLR4-deficient mice, and mice deficient in MyD88, an adaptor protein required for TLR and IL-1 signaling [65] [66] [67] [68] . Further, conditional ablation of NEMO (I B kinase ) in IEC causes spontaneous severe colitis [69] . Blockade of epithelial NF-B signaling leads to increased bacterial translocation across the injured epithelium, similar to TLR4-deficient mice treated with DSS, and activation of pathogenic CD4 + T cells [69, 70] . Interestingly, regulatory vs inductive TLR signaling is polarized; basolateral stimulation of TLR9 by synthetic bacterial DNA activated NF-B, whereas physiologic apical stimulation of epithelial cell lines inhibited NF-B signaling by blocking degradation of ubiquinated I B [67] . Thus the activation of TLR and downstream pathway is likely to be involved in mediating immunomodulatory effects of commensals in general, and innate immune malfunction may trigger inflammation-associated mucosal barrier rearrangement and neoplastic growth.
Host regulation of microbiota
Through coevolution, the gut microbiota and host has established the mutualistic relationship, in which both microbes and their host depend on each other for optimal survival and function. Multiple factors contribute to the development and composition of the intestinal microbiota, including maternal transmission, early life exposures, diet, and genetics [71] . However, the relative roles of environmental vs. genetic influences are not yet well understood.
Genetic background on microbiota-
Although it has suggested a primary role for early exposure rather than genetic direction of microbial composition, several studies also demonstrate a role for host genetic background in shaping the microbiota composition. Monoassociation of 23 inbred mouse strains with the 8 defined ASF populations indicated important genetic effects, in that quantitative and reproducible strain-specific variations in the frequencies of the 8 ASF members were observed across 23 different barrier-housed inbred mouse strains [72, 73] . The microbiota of two different mouse strains were implatnted into a foster mother, with a resounding lack of differences demonstrated the lasting effects of maternal microbiota transmission [72, 73] . The gut microbiotas of zebrafish and mice share six bacterial divisions, although the specific bacteria within these divisions differ. It has been reported that when reciprocal transplantations of these microbiotas into GF zebrafish and mouse recipients were performed, the microbiota communities were assembled in predictable ways. The transplanted microbiota resembled its community of origin from the host in terms of the lineages present in the recipient animals, although the relative abundance of the lineages changed to resemble the normal gut microbial community composition of the recipient host [74] .
Intestinal cells secrete an array of peptides with anti-microbial properties, including defensins, lysozyme, and secretory IgA, which regulate the colonization of pathogens as well as microbiota in the gut. Defensins are synthesized in Paneth cells and released from the intestinal crypts and at the epithelial surface and become trapped in the mucus layer to provide a bactericidal barrier. When GF C57BL/6 and 129/SvEv mice were colonized with identical commensal bacterial sources, their resultant ileal and fecal bacteria populations demonstrated that bacterial communities clustered based on the background strain of the recipient mice, regardless of bacterial source, indicating that genetic background shapes the microbiota composition. This could be due to the difference in Paneth cells between the strains, as 129/SvEv mice have fewer Paneth cells than C57BL/6 mice, and C57BL/6 and 129/SvEv mice display distinct patterns of ileal antimicrobial peptides (AMP) anddefensin expression, which have been shown to regulate the microbiota [75] .
2.2.2
Innate response regulation of microbiota-Host genetic variations also affect the composition of microbiota. Mutations in specific innate immune sensors and related pathways modulate cell priming of the intestinal mucosa and handling of the intestinal microbiota, driving inflammation, and carcinogenesis. It has been shown that deficiencies in PRR signaling control homeostasis at the level of microbiota composition. Deficiencies of Nod1, Nod2, Nlrp3, and Nlrp6 have all been shown to affect microbiota homeostasis, which leads to increased disease susceptibility [24, [76] [77] [78] . Importantly, the increased susceptibility to colitis observed in Nlrp6 deficient mice can be passed on to other mice housed in the same cage, thus the deficiency in Nlrp6 predisposes mice to a communicable colitogenic microbiota, in which the presence of Prevototellaceae and candidate phylum TM7 are dominated [24] . Of note, a recent comprehensive study demonstrated that the distinct microbiota composition of TLR-deficient mice is due to housing isolation rather than defective innate immunity, and loss of TLR signaling does not affect microbiota composition, thus challenging the argument of TLR regulation of microbiota composition [79] .
Intestinal IgA regulation of microbiota-Among the multiple regulation mechanisms of intestinal homeostasis, intestinal
IgA plays a crucial role in regulation of host response to microbiota. Secretory IgA is a specialized antibody type which is released into the intestinal lumen through polymeric Ig receptor (pIgR) expressed on epithelial cells, where it has a prolonged lifespan compared to regular antibodies and forms an immunological barrier against luminal microorganisms. Although IgA also plays a role in host resistance to infection, SPF mice that have had no pathogen exposure have abundant IgA levels whereas GF animals do not, arguing that the major role of IgA is in maintaining the balance between the host and its microbiota. Intestinal IgA production in mice deficient for and chains of the T cell receptor, which lack both T cells and T cells, is reduced to about a quarter of the level compared to wild-type mice but not completely lost [32, 80] , indicating that both T cell-dependent and -independent pathways contribute to intestinal IgA production. Foxp3 + Treg cells and Th17 cells are important for T cell-dependent induction of intestinal IgA, in that microbiota antigen-specific Foxp3 + Treg cells promote IgA production via production of TGF whereas Th17 cells stimulate IEC pIgR expression via production of IL-17, thus promoting intestinal IgA responses [80] [81] [82] . Lamina propria dendritic cells and IECs can also directly initiate B-cell IgA class switching and IgA production through secretion of cytokine B-cell activation factor belonging to the TNF family (BAFF) and a proliferation inducing ligand (APRIL) following ligation of TLR and activation of NF B [83] [84] [85] [86] [87] . The production of IgA is clearly dependent on the microbiota and changes in its composition alter the IgA pattern. Colonization with SFB not only induces intestinal Th17 cells in GF mice, but also induces intestinal IgA production.
Intestinal IgA contributes to protection of the host from systemic translocation of bacteria or bacterial products. Intestinal IgA, but not serum IgA, blocks mucosal flagellin uptake and systemic T cell activation in mice [80] . Mice deficient for IgA or pIgR demonstrate an increased bacterial translocation. In addition, intestinal IgA regulates the balance of commensal bacteria and consequently the composition of the intestinal microflora. In mice deficient for activation-induced cytidine deaminase (AID), which lack IgA-producing plasma cells and intestinal IgA production, aerobic bacteria, particularly SFB, are selectively expanded. Administration of IgA reverses these effects, indicating that intestinal IgA regulates aerobic bacterial colonization [88] . IgA can also regulate bacterial gene expression. Colonization with commensal bacteria B. thetaiotaomicron induces strong immune responses in GF RAG −/− mice, which lack T cells, B cells, and IgA. This response is inhibited in the presence of IgA, even though it does not affect the growth rate of B. thetaiotaomicron. In turn, IgA modulated bacterial gene expression, inhibiting the immune response [89] .
Microbiota regulation of IBD
Crohn's disease (CD) and ulcerative colitis (UC) are the two major disease entities of IBD. CD is characterized by deep inflammation with granulomas, and may affect any part of the GI tract, although it most commonly affects the distal ileum and caecum. UC is largely limited to the colon, particularly the distal colon and the rectum, and causes more superficial ulceration. Great progress has been made in the last decade on the pathogenesis of IBD, which appears to be disorders of the host immune response to microbiota manifested by a state of local immune hyper-reactivity. This is supported by data from induced gene mutations in mice, and, more recently, by the identification of gene variants in humans that result in IBD or IBD susceptibility [6, 9, 71, [90] [91] [92] . A variety of mouse models that develop chronic intestinal inflammation resembling IBD have provided strong support for the hypothesis that IBD is due to a dysregulated mucosal CD4 + T cell response to enteric bacterial antigens initiated by an abnormal innate response in a genetically susceptible host [6] .
Microbiota in animal models of colitis
Despite the mutualism between the microbiota and the host, alterations in the composition of the intestinal microbiota may change intestinal homeostasis and the nature of the immune response and lead to development of colitis. Over the past decade, many models for colitis have been developed, either induced by manipulating the genome of experimental animals or by environmental insults. Almost every immune gene has either been deleted or expressed as a transgene and only a small subset of such mutants are found to develop IBD. These models have shown that multiple pathways are involved, that CD4 T cells are the major effector cells mediating inflammation in most models, and that multiple hits are required in the innate, adaptive and regulatory compartments for disease expression [6, 93] .
In almost every instance, such as IL-10 deficient mice and CD45RB hi T cell transfer model, disease develops in a SPF or conventional environment but not in a GF environment, and in some instances colitis is ameliorated when the mice are treated with antibiotics [94] [95] [96] [97] [98] , indicating that the microbiota play a crucial role in disease pathogenesis. There appears to be a complex three-way interaction in the intestine between the microbiota, the epithelium, and mucosal immune cells, the latter involving cells of both the innate and acquired immune system. Some microbial products likely target innate immune cells and serve an adjuvant function, by interacting with TLRs. Others microbial products are able to stimulate T cells and B cells [99] .
Both Th1 and Th17 cells have been implicated as important mediators of inflammation in IBD. IL-12 and IL-23, two key cytokines driving Th1 and Th17 cell development, are increased in CD, and MLN DCs from CD patients induce both Th1 and Th17 immune responses [100] [101] [102] [103] [104] . Purified Th1 and Th17 cells reactive to microbiota antigens induce colitis in an adoptive transfer model [45] . Anti-IL-12/IL-23p40 antibody therapy, which targets both Th1 and Th17 cells, is effective in CD patients [105, 106] . T cells respond to specific antigens but little is known about which microbiota antigens are driving the pathogenic T-cell response in IBD. It has been reported that in C3H/HeJBir mice that develop spontaneous colitis, CD4 + T cells develop a strong T cell response to a small set of selected enteric bacterial antigens, and these T cells can transfer disease to immune deficient SCID mice once activated by enteric bacterial antigens in vitro [107] . Serologic expression cloning has identified a limited set of some 60 microbiota antigens, among which flagellins from Clostridia, particularly Lachnospiraceae, are the largest cluster. Transfer of T cells reactive to such commensal flagellins induces colitis in SCID mice and multiple models of colitis and half of CD patients have serum IgG to this cluster of flagellins. Thus, those commensal flagellins are identified as immunodominant antigens in multiple models of colitis as well as in CD patients [108] . Flagellin possesses the properties of both a ligand for TLR5 that stimulates innate responses and a potent antigen for adaptive responses [109] . Thus, flagellin can bridge innate and adaptive responses, and provides a window into the normal host immune response to its microbiota and abnormal responses resulting in colitis development.
It has been demonstrated that the composition of microbiota shifts during experimental colitis, although the consequences of these shifts in microbiota are unclear, particularly whether they are cause or effect. In T-bet −/− Rag2 −/− ulcerative colitis (TRUC) mice, in which spontaneous colitis and subsequent colorectal cancer develop because of alterations in both innate and adaptive immune responses, an expansion of proteobacteria has been demonstrated as a feature of dysbiosis. This dysbiosis is marked by expansion of enterobacteriaceae, particularly of Klebsiella pneumonia and Proteus mirabalis, and this dysbiotic microbiota can transmit colitis to wild-type hosts [25, 110] . Studies in GF animals monoclononized with individual bacterial species show both bacterial-and host-specific responses. Not all strains of commensal bacteria are able to induce colitis, and the same commensal bacteria can induce colitis in certain genetic background but not in others. When monoassociated with HLA B27 transgenic rats, Bacteroides vulgatus induce colitis but E. coli, Enterococcus faecalis, and multiple other bacterial species do not [111, 112] . In contrast, E. coli and E. faecalis, but not B. vulgatus, induce colitis in monocolonized IL-10 deficient mice. However, all these 3 bacterial species do not induce colitis in monocolonized bone marrow-transplanted CD3 transgenic mice. In a single inbred host, two different bacterial strains caused different phenotypes of disease and show additive effects. When monoassociated with IL-10 deficient mice, E. coli induces relatively mild cecal-predominant colitis, whereas E faecalis causes more severe, late-onset distal colonic inflammation. Dual association with both species causes more aggressive, early-onset pancolitis [3, 113, 114] .
Thus, both bacterial-and host-specific responses are involved in the pathogenesis of colitis induced by commensal bacterial strains.
Microbiota in human IBD
Clinical, experimental, and therapeutic studies have demonstrated the role for the microbiota and microbial agents in the pathogenesis of IBD. Recent studies on the gut microbiota in patients with IBD reveal quantitative and qualitative changes in composition, that is characterized by low diversity of species in the gut microbial communities, but increased density of mucosal surface colonization and epithelial invasion in areas with active disease. Microbial communities in individuals with CD differed from those in healthy individuals, and profiles from individuals with CD that predominantly involved the ileum differed from those with CD that predominantly involved the colon. In IBD patients, there is a decrease in strict anaerobes, particular Firmicutes, and a bloom of proteobacteria [39] . Changes specific to patients with ileal CD included the disappearance of core genera, such as Faecalibacterium and Roseburia, and increased amounts of Enterobacteriaceae and Ruminococcus gnavus [115] . Some potentially anti-inflammatory species, such as Faecalibacterium prausnitzii, are also reduced [116] . By contrast, a greater abundance in Enterobacteriaceae, particularly E. coli species, has been observed in CD patients, and the change is more remarkable in mucosal tissue specimens than in fecal samples [117] . Functional alterations are most evident in adherent, invasive Escherichia coli (AIEC) that colonize the ileum of CD patients [118] , [119] . Tissue invasion by such AIEC may be due to defects in autophagy, which has been shown to be an important defense mechanism against this microbe [120] . Although it is still unclear the role for compositional changes of the microbiota in IBD subsets, it may contribute to disease severity, since abnormal microbiota populations are correlated with the occurrence of abscesses in CD patients.
Microbiota regulation of colorectal cancer
Chronic inflammation is one of the hallmarks of cancer [121] . Individuals with IBD have a considerably increased risk for colorectal cancer (CRC) than the general population [122, 123] , depending on the site of inflammation and the length of time with associated colitis. Chronic inflammatory responses can create a tumor-supporting microenvironment through activated immune cells that secrete multiple mediators, which may influence neoplastic development, invasion, metastasis, and angiogenesis. As we have discussed, a healthy balance between the intestinal immune system and the commensal microbiota is necessary for maintaining intestinal homeostasis in any host, and the dysregulation of intestinal immune responses, or in the commensal microbial population can result in rampant intestinal inflammation and injury. Here, we discuss the mechanisms by which severe inflammation, as seen in individuals with colitis, can alter the physiology of the intestinal environment and influence the development of colorectal cancer, as well as the role of the microbiota in shaping these malignancies.
Given the chronic pathogenesis of IBD, a number of mouse models have been presented using genetic deficiencies to establish colitis in mice. With some deficiencies, the induction of CRC via the procarcinogen azoxymethane (AOM) is greatly exacerbated in these mice with severe inflammation. Deficiency in the downstream TLR-signaling molecule SIGIRR results in uncontrolled TLR activation after exposure to microbiota, and disrupts intestinal homeostasis. Exaggerated TLR signaling in SIGIRR −/− mice results in the persistent survival of IECs, and increases in proinflammatory cytokines. Notably, SIGIRR −/− mice have an increased susceptibility to CRC with AOM treatment after colitis has been established [124] . While excessive TLR activation is pathogenic, the lack of TLR signaling also leaves the host subject to disrupted intestinal homeostasis. Mice that are deficient in MyD88 are unable to signal through TLRs, and have significant defects in the intestinal mucosa, with increased numbers of proliferating cells in the intestinal crypts, and have low levels of a number of cytokines necessary for preserving intestinal homeostasis [125] . These defects result in the inability to heal and repair the intestinal barrier after intestinal injury, and leave the mice more susceptible to colitis and CRC.
IL-10 is a pleiotropic cytokine that is necessary for immune regulation and control of inflammatory responses. Deficiency in IL-10 results in spontaneous colitis in mice. The enhanced inflammation in IL-10 −/− mice results in increased carcinogenesis after AOM treatment than conventional mice. The use of the IL-10 −/− AOM model highlights the importance of the microbiota and intestinal inflammation in the development of CRC, as GF IL-10 −/− mice, devoid of microbiota, exhibit no intestinal inflammation and tumors [10, 11] . As discussed above, this observation has remained consistent across a number of other models of CRC that are characterized by excessive inflammation [126] .
Approximately 15%-20% of cancers arise from patients with underlying chronic inflammation [122] . Consistent inflammation and its damaging effects on local tissue, as well as the constant efforts to repair tissue, greatly influence the possibility of tumorigenesis. This is particularly accordant in patients with IBD, as cumulative risk for developing CRC increases significantly with the number of years diagnosed with IBD. Colitis is characterized by chronic inflammation that is typically mediated by Th1 and Th17 cells. Recently, the effects of Th17 cytokines in driving CRC have been described [127] . Initial specimens of patients with CRC indicated that levels of IL-17, the signature proinflammatory cytokine of Th17 cells, and IL-23, which positively regulates Th17 cell growth and maintenance, are increased in CRC tumors. Analysis of Apc min mice (common model of murine CRC) further indicated that IL-17 and IL-23 continued to be increased in colonic tumors. Notably, with the use of a Cre-driven inducible loss of APC, IL-23 was induced early on during tumorigenesis, and IL-23 levels were markedly high before APC loss, and did not increase after APC deletion. However, the size and number of tumors present decreased after ablation of IL-23 or IL-23 receptor. Further, Apc min mice deficient in IL-17 signaling (IL-17ra −/− ) also exhibited a decrease in size and number of tumors, indicating that inflammation can greatly influence tumorigenesis, whereas events in advanced CRC do not increase inflammation.
Inflammatory factors often induce tumorigenesis by acting upon IECs, leading to malignant proliferation and resulting adenomas. Treatment of mice with dextran sulfate sodium (DSS) leads to severe intestinal barrier disruption as a result of its toxic effects on epithelial cells. Prolonged use of DSS, coupled with doses of AOM results in murine CRC. Increased tumoral IL-6 and subsequent epithelial STAT3 activation have been identified as the clear promoters of tumor progression, as STAT3 signaling promotes the survival, growth, and progression of premalignant cells [128, 129] . While IL-6 and STAT3 are important for the healing and regeneration of the mucosal barrier during acute injury, chronic epithelial turnover and regeneration appears to favor tumor progression. IL-6 can also indirectly promote tumorigenesis since IL-6 is a key promoter of Th17 cell induction. As such, it is conceivable that the induction of IL-6 after AOM treatment can also regulate a number of other proinflammatory processes that contribute to tumorigenesis through the upregulation of Th17 cell functions. A key product of Th17 cells is tumor necrosis factor (TNF), a hallmark inflammatory molecule. As its name suggests anti-oncogenic properties, TNF can control tumorigenesis by inducing apoptosis in epithelial cells. However, TNF also exacerbates inflammation by recruiting inflammatory monocytes and neutrophils, and increasing the production of reactive oxygen species (ROS) [130] . By contributing to an environment of chronic inflammation, TNF promotes conditions that are ripe for chromosomal damage and genetic instability as a result of ROS induction. Indicative of this observation is the use of monoclonal antibody therapy to neutralize TNF after DSS and AOM exposure [130] . As a result of decreased colonic inflammation in the absence of TNF, tumor size and number decreased. The reduction in tumor formation was attributed to decreased numbers of infiltrating macrophages and neutrophils in the absence of TNF. Further observation that nuclear -catenin was decreased in the absence of TNF lends support to the notion that the byproducts of inflammatory monocytes can set off the colon carcinogenesis [130] . Therefore, further investigation into IBD patients under anti-TNF treatment and their associated rates of CRC incidence may be warranted.
The microbiota has been implicated in the pathogenesis of IBD-associated inflammationinduced CRC. As mentioned previously, IL-10 −/− mice develop colitis and also colon tumors with AOM under SPF conditions, but not under GF conditions. When GF IL-10 −/− mice are transferred into SPF conditions, 100% of IL-10 −/− mice develop colitis, and 60% to 80% of mice develop colon tumors with the addition of AOM [10, 11] , demonstrating a key role of microbiota in the development of colon tumors. Shifts in the composition of the microflora have been also linked to a propensity for intestinal tumorigenesis. Several bacterial strains, including Streptoccus bovis/gallolyticus, enterotoxigenic Bacterodies fragillis, and Escherichia coli NC101 have been shown as risk factors for CRC for both IBD patients and the general population [10, 131, 132] . Bacteroides vulgatus and Bacteroides stercoris have also been associated with an increased risk for CRC, whereas Lactobacillus acidophilus, Lactobacillus S06, and Eubacterium aerofaciens species are associated with low risk in humans [133] . Mice deficient in the NOD-like receptor family pyrin domain containing 6 (NLRP6) inflammasome demonstrate an enhanced inflammation-induced CRC formation. Wild-type mice cohoused with NLRP6 −/− mice develop a remarkably enhanced tendency for inflammation-induced CRC formation, which is mediated through IL-18-induced alterations in the microflora, indicating that inflammation-altered elements in the microbiota of inflammasome-deficient mice drive inflammation-induced CRC [134] . Consistently, a recent study identifies the intestinal microbiota as a target of inflammation that regulates the progression of CRC. In colitic IL-10 −/− mice, inflammation modifies gut microbial composition, which is associated with a significantly increase of luminal Verrucomicrobia, Bacteroidetes, and Proteobacteria as compared with that of wild-type mice. Within Proteobacteria, the Gammaproteobacteria class, Enterobacteriales order including E. coli, and Enterobacteriaceae family are all significantly more abundant in IL-10 −/− mice. Monocolonization with the commensal Escherichia coli NC101, but not Enterococcus faecalis, promotes invasive carcinoma in AOM-treated IL10 −/− mice, although both E. coli NC101 and E. faecalis induce similar levels of colitis. Key to the carcinogenic role of E. coli NC101 may be the polyketide synthase (pks) genotoxic island, which is present in E. coli NC101, but not in E. faecalis. Deletion of the (pks) genotoxic island from E. coli NC101 decreases tumor multiplicity and invasion in AOM/IL10 −/− mice, without altering intestinal inflammation, suggesting that intestinal inflammation can promote tumorigenesis by altering microbial composition and inducing the expansion of microorganisms with genotoxic capabilities. Thus, both inflammation and bacteria-specific factors are required for the development of colitis-associated CRC [10] .
In addition to E. coli NC101 and Bacteroides fragilis which promote colitis-associated CRC, Fusobacterium nucleatum, an opportunistic commensal anaerobe in the oral cavity, has recently been shown to promote CRC that are not associated with colitis [135, 136] . Fusobacterium species are enriched in human colorectal CRC relative to adjacent normal tissue [137, 138] . When human isolates of F. nucleatum or control Streptococcus species are introduced to Apc Min/+ mice, the onset of colonic tumors in mice with F. nucleatum is accelerated as Apc Min/+ mice fed with F. nucleatum develop a significantly higher numbers of colonic tumors as compared to Apc Min/+ mice fed with Streptococcus spp.. Importantly, colonic tumors from Apc Min/+ mice exposed to F. nucleatum exhibit a proinflammatory expression signature that is shared with human fusobacteria-positive colorectal carcinomas [135] . FadA, an adhesion molecule produced by F. nucleatum, interacts with E-cadherin on host cells and triggers proliferation of colorectal-cancer cells by modulating E-cadherin and activating -catenin signaling, thus leading to increased expression of transcription factors, oncogenes, Wnt genes, and inflammatory genes, as well as growth stimulation of CRC cells [136] .
Summary
The host and microbiota have evolved mechanisms for coexistence over millions of years. Accumulating evidence indicates that a dynamic mutualism between the host and the commensal microbiota has important implications for health, and microbial colonization contributes to the maintenance of intestinal immune homeostasis. However, alterations in communication between the mucosal immune system and gut microbial communities have been implicated as the core defect that leads to chronic intestinal inflammation and cancer development. Although great progress has been made in last decade on the mechanisms involved in microbiota regulation of intestinal homeostasis as well as intestinal inflammation and tumorigenesis, more questions have been raised and need to be investigated. For examples, although several commensal bacteria have been implicated in regulation of Treg and Th17 cells, it is still unclear the mechanisms involved and what are the roles they play in intestinal inflammation and tumorigenesis in humans. It is also unknown why certain commensal bacteria, but not others, regulate intestinal homeostasis and the pathogenesis of IBD and cancer through interaction with TLRs and inflammasomes, although all commensal bacteria have the potential to do so. Eventually, can we identify the commensal bacteria which either induce or inhibit IBD and CRC, and isolate them for clinical application? The advance in technologies and methodologies will greatly help our efforts to answer all those questions.
